Abstract
Introduction
The time course of myocardial relaxation, examined under various states of inotropy and loading, has been w x w x shown to be highly complex 1-3 . Brutsaert and Sys 4 have presented evidence obtained from isolated muscle indicating that in some situations the timing and subsequent rate of muscle relaxation can even vary in opposite directions. Furthermore, these authors have asserted that because both inactivation and loading conditions influence ) Ž .
Ž . Corresponding author. Tel.: q1 314 362-3794; fax: q1 314 362-9097; e-mail: mcourtoi@im.wustl.edu isovolumic pressure fall in the intact heart, during '' . . . isovolumic pressure decline, the rate of part of this phase may be altered substantially even when the rate of the remaining part or peak rate is either unchanged or affected Ž . in an opposite sense'' p. 1292 .
Several groups of investigators have presented evidence in the intact heart that subphases of the course of left Ž . ventricular LV pressure fall can be differentially altered by changes in loading, contractile state, non-uniform relaxw x ation, and ischemia 5-8 . This evidence represents an important step toward understanding the manner in which multiple factors may interact to affect the time course of LV relaxation. Continued research in this area may lead Time for primary review 31 days.
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Ž . PII S 0 0 0 8 -6 3 6 3 9 7 0 0 1 1 8 -1 ( )eventually to a more complete delineation of certain subtle aspects of cardiac diastolic function and dysfunction, and help define the circumstances under which the assumption of monoexponential isovolumic pressure decay is inappropriate.
In this study we have further scrutinized the relationship between LV pressure fall and early rapid filling by examining the effects of postextrasystolic potentiation on indexes of relaxation and filling in the intact heart. Because postextrasystolic potentiation is a cardiac event that produces substantial changes in both the systolic function and loading conditions of the left ventricle, changes that are known to alter the time course of LV relaxation, examination of this phenomenon could provide additional insight into the relationship that exists between cardiac relaxation and filling. In this report we demonstrate that measurements obtained in the normal intact dog heart after induction of short-coupled extrasystoles provide additional strong evidence that the assumption of monoexponential LV isovolumic pressure fall in response to certain interventions can lead to erroneous conclusions regarding the relationship between LV relaxation and early rapid filling. The results are then interpreted with reference to current theoretical formulations that attribute control of myocardial relaxation to the interaction between mechanisms related to inactivation dependence, load dependence, and non-uniformity.
Methods
Nine mongrel dogs of either gender weighing 26-32 kg Ž . Ž . 28 " 0.8 were sedated with morphine 0.5 mgrkg s.c. 30 min prior to induction of general anesthesia with sodium Ž . Ž pentothal 12.5 mgrkg i.v. , and a-chloralose 80 mgrkg . i.v. . Each dog was intubated and ventilated with room air with use of a Harvard respirator. The left common carotid artery, the right femoral artery, the right jugular vein, and the right and left femoral veins were isolated and a valved Ž . sheath USCI; Hemaquet 8F was placed in each. A bolus Ž . injection of heparin sodium 4000 USP units was administered intravenously. A Swan-Ganz thermodilution catheter Ž . Model 93A-131-7F; American Edwards Laboratories was directed under fluoroscopy from the left femoral vein to the inferior vena cava. A micromanometer-angiographic Ž . catheter Model 484A-8F, Millar Instruments was directed from the right femoral artery to the aortic arch, and a second similar micromanometer catheter was directed from the left carotid artery into the LV apex with the transducer positioned as close as possible to the LV apex without inducing ectopy. A third micromanometer catheter was positioned in the left atrium by puncture of the interatrial septum using a Mullins transseptal catheter introducer set Ž . Ž . 8F, USCI and a Brockenbrough needle 18 gauge, USCI w x via the right femoral vein as described previously 9 . To induce premature ventricular contractions a bipolar pacing 
Ž
. catheter 6F, USCI was directed from the right jugular vein into the right ventricular apex, and extrasystolic contraction was induced with use of a programmed stimulator Ž with electrical stimuli of twice diastolic threshold -1 . mA . Because the contractility of the postextrasystolic beat is maximal at short coupling intervals, the extrasystolic stimulus was delivered at an interval approximately 20 ms greater than refractory period.
In order to record LV pressures referenced solely to atmospheric pressure rather than to an external fluid-filled transducer signal, which is highly dependent on the height of the external transducer relative to the height of the heart, the LV micromanometers were placed in a dry graduated cylinder that was immersed in a water bath warmed between 36 and 388C, corresponding to the temperature of the animal. Because this position could be most easily standardized in each animal, the LV apical pressure signal was selected as the 'standard', and the left atrial high gain pressure signal was aligned with it during diasta-Ž . sis Fig. 1 . In the presence of rapid heart rates, alignment of pressures was accomplished during the long diastatic period occurring after premature ventricular contractions that produced a compensatory pause. At the conclusion of the experiment the position of the zero baseline of the LV apical transducer was confirmed by replacing the micromanometer in the graduated cylinder. In no case did the signal drift ) 1.0 mmHg from the original zero baseline. ments, and LV cineangiograms were recorded during a period of brief apnea with the animal in the supine position. Three to 5 simultaneous hemodynamic-flow velocity recordings during induction of short-coupled extrasystoles were obtained from each animal and the data were averaged.
IsoÕolumic relaxation index calculation
In this study 3 commonly used indexes of the rate of LV isovolumic pressure fall were employed to assess myocardial relaxation over a matched pressure range extracted from the entire isovolumic relaxation phases of normal sinus beats at baseline and in the first postextrasystolic beat after short-coupled extrasystoles. These 3 in-Ž . dexes are T, t, and t Fig. 3 . In addition, the indices t 1r2 and t were both used to assess relaxation at baseline 1r2 and after postextrasystolic contraction over matched early Ž . and late isovolumic pressure decay segments Fig. 3 . Because no strong basis currently exists for demarcating subphases of isovolumic relaxation, any division would necessarily be arbitrary. Visual comparison of individual baseline and postextrasystolic isovolumic pressure decay raw data curves from the 9 dogs indicated to us that postextrasystolic isovolumic pressure decay generally lagged behind baseline relaxation for approximately the first two thirds of pressure decay. After that point postextrasystolic pressure decay rate appeared to surpass that of Ž . the baseline beat Fig. 4 . On the basis of this observation we chose to apply the indexes of isovolumic relaxation to the first two-thirds and last one-third of matched pressure decay separately. Temporally, this division split the isovolumic pressure decay phases of these 9 animals roughly in Ž . half 30 " 4 versus 34 " 4 ms . Interestingly, the point of division of the isovolumic relaxation interval that we used in this study corresponds generally to that employed by w x other investigators 8 . Finally, direct measures of isovolu-Ž . mic relaxation time IVRT were obtained for the matched pressure intervals obtained from the entire isovolumic relaxation phases, and for the matched early and late Ž . isovolumic pressure decay subphases Fig. 3 . w x The index t, as first proposed by Weiss et al. 11 , is based on the assumption that left ventricular pressure during the isovolumic relaxation period can be accurately represented by a monoexponential function that decays to a zero asymptote:
Ž . where P t s left ventricular pressure at time t, a s left ventricular pressure at t s 0, b s the variable defining 4 . Plot of matched isovolumic pressure from baseline and postextrasystolic beats from a representative animal. Close visual examination of the matched raw data curves of the 9 animals indicated that postextrasystolic isovolumic pressure decay generally lagged behind that of baseline relaxation for approximately the first two-thirds of the pressure interval. After that, postextrasystolic pressure decay rate appeared to surpass that of the baseline beat. On the basis of this empirical observation we chose to apply separately the indexes of isovolumic relaxation to the first two-thirds and last one-third of the matched pressure intervals.
the rate of pressure decay, and e s the base of the natural logarithm. These authors defined the time constant t s y1rb, which quantifies the time needed for the pressure Ž . at t s 0 a to decay to 1re of its value. Thus, for LV pressure at t s 0 of 70 mmHg and b s 0.015, t represents the time needed for LV pressure to fall from 70 to 25.75 Ž Ž .. mmHg 70 = 1r2.718 .
The second algorithm used in this study to index isovolumic pressure fall is based on the model of exponential decay with a variable asymptote originally proposed by w x Thompson et al. 12 :
Ž . where P t s left ventricular pressure at time t, a s left ventricular pressure at t s 0 with respect to the variable asymptote, c s the value of the asymptote at t s infinity, b s the variable defining the rate of pressure decay, and e s the base of the natural logarithm. These authors defined the time constant T sy1rb, which quantifies the time needed for the pressure at t s 0 to decay to a value 1re of the pressure range between left ventricular pressure at t s 0 and the asymptote, above the asymptotic value. For LV pressure at t s 0 of 70 mmHg, b s 0.015, and c sy15 mmHg, T represents the time needed for LV ŽŽ Ž .. pressure to fall from 70 to 16.27 mmHg 85 = 1r2.718 . y 15 . Thus, for a given set of data, when c is negative, the value of T will generally exceed that of t.
The third isovolumic relaxation index, t , is one 1r2 w x Ž . proposed by Mirsky 13 , also based on Eq. 2 , where t is defined as the time required for the pressure at 1r2 t s 0 to decline by 50%. This index has the advantage of being based on a model which provides statistically superior fits to the observed data, its calculation is not tied to the pressure asymptote, and it has the added advantage of yielding a value that, except in rare cases, occurs within the isovolumic relaxation period. For LV pressure at t s 0 of 70 mmHg, b s 0.015, and c sy15 mmHg, t is 1r2 determined by solving the equation for the time required Ž . for LV pressure to fall from 70 to 35 mmHg 70 = 0.5 . Thus, for a given data set, the value of t will be less 1r2 than that of t.
Calculation of matched isoÕolumic pressure interÕals
The analog LV pressure data recorded on the FM tape Ž system were transferred off-line into a computer Macin-. tosh IIvx, Apple Computer, Inc. and digitized at a 1 ms sampling rate. A waveform analysis program determined Ž . peak LV pressure, and peak positive qdPrdt and nega-Ž . tive ydPrdt rate of change of LV pressure, and LV end-diastolic pressure. LV isovolumic relaxation was assessed with use of the least-squares method using pressure Ž points digitized every 1 ms. Initially, all 3 indices T, t, . and t were applied to matched isovolumic relaxation 1r2 pressure intervals in the normal sinus beat just prior to the normal sinus beat off which the short-coupled extrasystole was triggered, and in the isovolumic relaxation period of Ž . the first postextrasystolic beat Fig. 3 . The matched isovolumic relaxation pressure decay intervals were determined as follows: first, the pressure limits of the isovolumic phases were calculated for the baseline and postextrasystolic beats as beginning at peak ydPrdt, and ending at Ž . LV end-diastolic pressure LVEDP . Previous studies in w x our laboratory 14 , as well as the present study, indicate no significant difference between LVEDP and X in nor-1 mal dogs. Once the pressure limits for the isovolumic relaxation phases of the baseline and postextrasystolic beats were established, they were compared and their common interval was determined. For example, as shown in Fig. 3 , if in the baseline beat peak ydPrdt occurred at 86 mmHg and LVEDP was 5 mmHg, and in the postex-
Early and late isoÕolumic relaxation subphases were then determined from this common interval. Early relaxation phase was defined as the first two-thirds of the common Ž . interval 86 to 32 mmHg in the above example , late Ž relaxation phase as the last one-third of the interval 32 to . 5 mmHg in the example .
IsoÕolumic relaxation time
Significant differences between the baseline and postextrasystolic data were set at the P -0.05 level using the Student's t-test for paired data.
Results

Heart rate and coupling interÕal
Baseline heart rate for the 9 dogs was 78 " 13 beatsrmin. Coupling intervals for the extrasystoles were Ž . short 207 " 28 ms . At these short coupling intervals 6 of the 9 animals evidenced interpolated extrasystolic contractions without compensatory pauses. The only notable hemodynamic differences in postextrasystolic beats following interpolated extrasystoles versus beats following extrasystoles that produced a compensatory pause were that beats following interpolated extrasystoles had slightly re-Ž duced LV end-diastolic pressures y0.6 " 0.5 mmHg for . the group, n s 6; P -0.04 , while beats following a compensatory pause had slightly increased LV end-diastolic Ž pressures q1.9 " 0.5 mmHg for the group, n s 3; P -. 0.02 prior to contraction. Additionally, whereas LV contraction following an interpolated extrasystole ejected against an afterload as estimated by aortic end-diastolic Ž pressure that was nearly identical to baseline y1 " 3 . mmHg for the group, n s 6; NS , the normal sinus LV contraction immediately following the compensatory pause ejected against a moderately reduced aortic end-diastolic Ž . pressure y14 " 2 mmHg for the group, n s 3; P -0.01 . Changes in LV end-diastolic pressure have been shown to contribute minimally to the postextrasystolic potentiation w x effect of the left ventricle 15,16 , while the observed moderate reduction in afterload would be expected to affect only slightly the end-systolic volume to which the w x LV would contract following the compensatory pause 14 Žin fact end-systolic volumes in the beats following a compensatory pause were not reduced compared with those . following an interpolated extrasystole . Because no other differences in transmitral hemodynamics or filling, or ventricular volume or relaxation were noted between the two types of postextrasystolic ventricular responses, the 9 animals are considered as a single group. Table 2 Baseline and postextrasystolic isovolumic pressure decay data for 9 dogs calculated over the entire matched isovolumic relaxation periods, over the first two-thirds of the matched periods, and over the last one-third of the matched periods measured by each method relaxation rate decreased significantly. Relaxation rate as indexed by T decreased by y37% in the postextrasystolic beat. This index was included for completeness, but we have previously shown that because its calculation is strongly influenced by shifts w x in the variable asymptote 17 , as occur in postextrasystolic beats, this index is not applicable to the present data set and will not be considered further in this report. Changes in t and t also indicated significant decreases in 1r2 relaxation rate over the entire matched isovolumic relaxation periods: y4% and y10%, respectively. In contrast, direct measurement of the total isovolumic relaxation time for the matched baseline and postextrasystolic pressure Ž intervals indicated no significant change 2% statistically non-significant increase in relaxation rate as measured by . TIVRT .
Postextrasystolic changes in LV peak
Indexes of the rate of isoÕolumic pressure decay calculated oÕer the first two-thirds of matched isoÕolumic
( ) relaxation pressure decay Table 2 Ž . Ž . t t1 and t t1 calculated over the first two1r2 1 r 2 thirds of matched pressure decay both indicated a significant decrease in relaxation rate in the postextrasystolic beat: y11% and y14%, respectively. Direct measurement of the isovolumic relaxation times for the matched baseline and postextrasystolic pressure decay data during this subphase also showed a significant decrease in relaxation rate Ž . y8% . of the matched pressure decay intervals both indicated a significant increase in relaxation rate in the postextrasystolic beat: both q9%. Direct measurement of the isovolumic relaxation times for the matched baseline and postextrasystolic pressure decay data during this subphase also Ž . showed a significant increase in relaxation rate q10% .
Indexes of the rate of isoÕolumic pressure fall calculated oÕer the last one-third of matched isoÕolumic relax-( ) ation pressure decay
Discussion
Our study provides additional clear evidence that the course of isovolumic pressure fall is not always adequately described by a simple exponential and that the relationship between relaxation and early rapid filling can be complex. Numerous investigators have examined the relationship between relaxation, as assessed by the LV isovolumic relaxation pressure decay time constant, and early diastolic filling. The current view is that LV relaxation is but one of several factors which interact to generate the early diastolic transmitral pressure gradient. It is this instantaneous atrial-ventricular pressure difference that determines flow w x at any given moment across the mitral valve 18 . On the atrial side of the mitral valve, the motive force for LV Ž . filling manifests itself as left atrial pressure LAP at the moment of mitral valve opening, then by the rate at which LAP falls as the atrium empties. Thus, left atrial and pulmonary vein loading, and left atrial and pulmonary vein compliance are primary determinants of LV early diastolic w x filling 18,19 . On the ventricular side of the mitral valve, the motive force for early diastolic filling is governed by the rate and degree of LV pressure decline, which is determined by the rate and extent of myocardial relaxation, the passive viscoelastic properties of the myocardium, and w x LV end-systolic volume 20,21 . In addition, factors relating to right-heart encroachment and output, and pericardial w x constraint 22 may modify the determinants of early diastolic function. It is these sources of energy above and below the mitral valve, and these sources of impingement, input, and constraint that are thought to interact to produce the characteristic early diastolic filling profiles docuw x mented for both normal and abnormal left ventricles 23 .
Thus, it is not surprising that changes in the rate of pressure fall, as measured by the time constant of LV relaxation, may vary in similar or in opposite direction to changes in the rate of early rapid filling. All 4 possible permutations between the value of the time constant and Ž . early diastolic filling have been demonstrated: 1 positive inotropic stimulation can decrease the time constant without changing LA pressure, resulting in a net increase in the transmitral pressure gradient and an increase in early ( )w x Ž . diastolic filling rate 24 ; 2 augmentation of volume load can increase the time constant and increase LA pressure, resulting in a net increase in the transmitral pressure gradient and an increase in early diastolic filling rate w x 25,26 , as can alterations associated with congestive heart w x Ž . failure 27 ; 3 augmentation of afterload can increase the time constant and increase LA pressure, resulting in a net decrease in the transmitral pressure gradient and a dew x Ž . crease in early diastolic filling rate 25,28 ; 4 afterload reduction and venous pooling can decrease the time constant and decrease LA pressure, resulting in a net decrease in the transmitral pressure gradient and a decrease in early w x rapid filling rate 29 .
The present investigation further documents the complex relationship between LV early diastolic filling and LV isovolumic pressure decay. Our study again presents evidence that the time constant of isovolumic relaxation and early diastolic filling can be affected in opposite directions. Significantly increased levels of postextrasystolic peak early diastolic filling were found to be associated with a decrease in overall LV relaxation rate as measured by 3 standard indexes of isovolumic relaxation. This increase in peak early filling occurred without a physiologically commensurate increase in LA pressure. Closer scrutiny of the course of isovolumic relaxation pressure decay in these animals revealed that whereas the early portion of postextrasystolic isovolumic pressure decay was slowed versus control beats, the late portion of isovolumic pressure decay was augmented versus control. This resulted in a 'bow shaped' postextrasystolic isovolumic pressure decay time course with an overall isovolumic pressure decay time that was not different from the baseline beat. Thus, in the case of postextrasystolic potentiated beats following short-coupled extrasystoles, standard monoexponential time constants provide an incomplete picture of the process of LV relaxation. As shown in Fig. 5 , curve fitting the postextrasystolic relaxation pressure data with standard techniques results in values for the time constant that are predominately weighted by the early phase of isovolumic pressure decay.
In addition, the consistently increased rate of LV pressure decline during the late portion of isovolumic relaxation was noted to extend into the early rapid filling phase as evidenced by the significant overall decrease in LV minimum pressure for the group. This decrease in LV minimum pressure was primarily responsible for the increase in the early diastolic pressure gradient, which caused the increase in peak early diastolic filling. It is interesting w x to note that Yellin and colleagues 30 , using end-systolic volume clamping in normal dogs, found that inclusion of pressure decay data beyond the isovolumic relaxation phase also resulted in a curve that was concave with respect to the plot origin.
Multi-factor control of myocardial relaxation
Although at present we cannot account precisely for the underlying physiology responsible for the complex alterations in the form of isovolumic pressure decay noted in this study following short-coupled extrasystoles, our results may best be understood by employing the conceptual framework of load-and inactivation-dependent processes w x developed by Brutsaert and colleagues 1,4,31 . The significant increase in contractility evoked by short-coupled extrasystoles in the first postextrasystolic beat may induce alterations in the determinants of relaxation in the intact heart by increasing systolic load as evidenced by the increase in LV peak pressure over baseline. Increased early ( )systolic pressure loads have been associated with slowed w x isovolumic relaxation 32 , whereas increased contractility and systolic shortening have been shown to produce inw x creased rates of relaxation 24,33 . In addition, the increase in contractility produces significant reductions in end-sysw x tolic volume 16 which constitutes a major source of w x ventricular restoring forces 33,34 . Brutsaert and Sys have cited evidence that configurational deformation at end-systole represents an important determinant of isovolumic w x relaxation 35-38 . Such an increase in restoring forces might be expected to produce an increase in the rate of isovolumic relaxation, especially during the late portion of the isovolumic relaxation phase when the effects of inactivation are declining and the effects of elastic recoil loading w x would tend to predominate 4 . Transient calcium overload of the contractile elements during postextrasystolic potentiation may also contribute to alterations in relaxation rate by modifying inactivation processes. Such modifications of the inactivation process might include mechanisms related to crossbridge detachment such as thin-filament regulation by troponin, shortening inactivation, and non-uniformity w x 39-42 . Clearly, further experiments are needed to deter-Ž . mine conclusively the mechanism s responsible for the apparent differential modification of subphases of the isovolumic relaxation period found in our study. Nevertheless, our results do appear consistent with the notion of multi-factor control of relaxation in the intact heart. Thus, it seems reasonable to contemplate the possibility that, as w x has been previously hypothesized 4 , certain mixes of factors that determine relaxation may be expected to produce time courses of isovolumic relaxation that deviate significantly from the predominately monoexponential course usually found in the normal left ventricle under w x basal conditions 30 .
Postextrasystolic early diastolic filling
To our knowledge, this is the first report to examine in detail the effects of short-coupled extrasystoles on the dynamics of postextrasystolic early rapid filling in the intact heart. In our study, using normal anesthetized dogs, such short-coupled extrasystoles were associated with large increases in LV contractility as measured by peak qdPrdt, with significant increases in peak early diastolic rapid filling velocity. Three other studies have, however, examined the effects of moderate to long extrasystolic coupling intervals on postextrasystolic early filling in differing w x groups of patients. Carrol et al. 43 studied postextrasystolic rapid filling in patients with coronary artery disease and atypical chest pain. In these patients postextrasystolic contractility was only mildly elevated, and peak early rapid w x filling rate did not change. Paulus et al. 44 studied postextrasystolic early diastolic function using right ventricular electrical stimulation or spontaneous ventricular extrasystoles in normal patients, patients with aortic steno-Ž . sis AS , and patients with hypertrophic cardiomyopathy Ž . HCM . Postextrasystolic contractility was also only mildly to moderately elevated in the 3 groups. Significant decreases in postextrasystolic early diastolic rapid filling were noted in the AS and HCM groups. No filling data w x were reported for the normals. Stoddard et al. 45 examined LV postextrasystolic early rapid filling in patients with coronary artery disease, AS, and hypertension, relying on spontaneous long-coupled ventricular extrasystoles. Postextrasystolic potentiation was moderately elevated over baseline, while the overall increase in LV peak filling rate observed for the combined patients was not statistically w x significant. In a related study, Cooper et al. 46 measured maximal diastolic excursion velocity of the LV posterior wall in postextrasystolic beats in dogs using echocardiography. Their results indicated a significant inverse relationship between extrasystolic coupling and maximal diastolic excursion velocity of the LV posterior wall in postextrasystolic beats. Thus, it appears that very short coupling intervals may be needed to produce the significant increases in postextrasystolic early diastolic filling noted in our study.
The relationship between the time constant of relaxation and early rapid filling
Of the factors currently considered to be determinants of LV early diastolic function, the relationship between the relaxation pressure decay time constant and LV rapid w x filling is perhaps the least well understood 47 . Implicit in the consideration of the relationship between the relaxation time constant and early diastolic filling is the assumption that the time constant provides a valid reflection of the relaxation process. In this study, the disparity between the calculated standard time constants and the directly measured isovolumic relaxation time indicates that this assumption is not always valid. Even comprehensive mathematical models describing the dynamics of ventricular filling include in their formulations the relaxation time w x constant as an input variable 19,21 , a variable which may be insensitive to the occurrence of subtle subphase alterations due possibly to interactions between processes related to loading dependence, inactivation dependence, and non-uniformity. Thus, more sophisticated models for quantifying the time course of the isovolumic pressure decay phase may be needed to delineate more precisely certain aspects of early diastolic function.
In this study our method of dividing the isovolumic relaxation phase into early and late subphases, based on visual assessment, is purely arbitrary and merely descriptive. We are aware of only one other study which divided the isovolumic relaxation period into subphases. In that study Rousseau et al., also using visual inspection, found that impairment of isovolumic relaxation in patients with coronary artery disease was limited to the first 40 ms after w x peak ydPrdt compared to normal controls 8 . Although such arbitrary divisions of LV pressure decay are utilitar-( )ian, discovering the physiological laws which govern the precise form of the time course of myocardial relaxation remains an important part of the goal of understanding fully the process of cardiac diastolic function. Despite evidence such as ours that hints that certain subtle changes in the time course of isovolumic pressure decay may be related to interactions between mechanisms related to loading-and inactivation-dependence, no conclusive empirical links between such processes and the form of LV isovolumic pressure decline have been found.
Conclusion
Our study clearly demonstrates that an intervention can cause LV pressure decay to deviate significantly from a monoexponential course in the normal intact dog heart. In the case of postextrasystolic potentiated beats, we found that despite evidence of slowed relaxation during early isovolumic relaxation, early diastolic peak filling rate is significantly increased without a physiologically commensurate increase in LA pressure. The primary determinant of this increased filling rate is an augmented rate of late isovolumic pressure decline which extends into the rapid filling phase of diastole. This biphasic postextrasystolic relaxation response suggests that the relationship between the standard time constants of relaxation and filling, and the relationship between relaxation and filling may not always be concordant. By reliance on simple measures of LV pressure decay the complex effects on relaxation that may possibly result from the interplay of forces related to alterations in myocardial inactivation, load, and uniformity may be overlooked. Thus, more sophisticated methods of quantifying the time course of the isovolumic pressure decay phase may be needed to model more precisely cardiac early diastolic filling in both health and disease. More importantly, additional research is needed to elucidate the basic physiological mechanisms underlying such subtle aspects of the diastolic process.
